Many people are still facing hunger and the global food shortages is still an urgent problem. Meanwhile, global warming is still severe. Therefore, we propose a simulation-based optimization approach for improving crop yield and reducing the greenhouse gas emissions (GHG) of agriculture system. Using the experimental data provided by Syngenta France, we simulated and verified the crop yield and carbon/nitrogen cycle with Denitrification-Decomposition (DNDC) model. A set of empirical equations of DNDC model were selected and implemented in gPROMS for obtaining the optimal solution of fertilizer usage. A case study shows that the optimized framework improves crop yield by 18%, when 72.42kg N/ha urea was used.
Introduction
About 31 million of the 148 million square kilometres of land on Earth is arable at present, and the arable land is being lost at a rate of 100000 square kilometres per
year. The world's population has reached 7.7 billion up in Early 2019 [1] . Experts believe that the global population will reach 9 billion according to the news reported by the Daily Express, when the food supply will not be able to meet the requirements of the newly added population. Despite the progress made in the past two decades, there are still 815 million people suffering from chronic hunger. 155 million children under age of five are suffering from chronic malnutrition and nearly 52 million suffer from acute malnutrition. Based on several factors mentioned above, raising crop yields has always been the focus worldwide.
Compared with empirical approach in planting by Syngenta, process-based approach would provide more robust yield prediction by accounting for the environmental variables and carbon/nitrogen (C/N) biogeochemical cycles. The sources and flows of carbon and nitrogen and their feedback mechanisms are very complex in agroecosystem. These factors are more complicated under disturbance, because most of the causal relations are nonlinear. Simple empirical models cannot be applied for such complex systems to describe and predict, thus process-based modelling approach in agroecosystem is essential. In addition, plant growth in agroecosystem is affected by a series of variables, including climate conditions, soil properties, plant characteristics and anthropogenic activities (such as crop rotation, tillage, fertilization, manure amendment, irrigation and grazing) [2] . Changing these conditions by empirical approach will spend higher cost and longer period, therefore, the advantages of process-based approach are obvious in this study.
Through the simulation by a computer-based model, the experimental data can be compared with simulated result to validate the accuracy of the model, meanwhile, carbon and nitrogen cycle can be simulated to analyse the whole crop system. A better scenario to do the field operation can be found through the analysis of optimization problem so that process system engineering background knowledge can be used in this study.
Biogeochemistry is cross-linked by many disciplines, and it focuses on cycles of chemical elements (especially C, N, P, S) relevant to biological activity. Scientists transferred these climate, soil, vegetation and human activities conditions into environmental factors and imported them into a mathematical model to simulate the whole ecological system, and therefore biogeochemical model was developed.
Since the late 1980s, biogeochemical models have been gradually emerging and widely used prediction of influences caused by global climate change and human activities.Denitrification-Decomposition (DNDC) model is a process-oriented computer simulation model of carbon and nitrogen biogeochemistry in agroecosystems [3] , it was developed by University of New Hampshire in 1992 to simulate the N 2 O emission from agricultural soil [4] . The model has incorporated empirical equations based on theoretical studies on physics, chemistry and biology. It is one of the most applicable biogeochemical models, which can be modified and applied to a specific country or regional environment condition. DNDC model has been intensively and independently tested by a wide range of researches to estimate the crop yield and greenhouse gas (GHG) fluxes. The whole DNDC model framework (see Figure 1 ) is divided into two main components. is controlled by soil Eh, temperature, available carbon (such as dissolved organic carbon and CO 2 ) and microbial biomass (microbes).
Observing the trend of the DNDC simulation results is helpful to select the empirical formulations used to build dynamic model. However, in the dynamic system, the optimization problem contains some complex control problems. A suitable dynamic optimization method will give the solution. Therefore, direct method is selected, and it contain three main variants: direct simultaneous approach, direct sequential approach (single-shooting) and multiple-shooting approach.
Direct sequential approach can be widely used in bioprocess, it discretizes or parametrizes only the control variables in the form of piecewise low order polynomials, and then a small-scale NLP optimization problem with ordinary differential equations (ODEs) or differential algebraic equations (DAEs) is carried out in the space of the discretized control variables[9], [10] . In this study, direct sequential approach is selected.
The following formulations show the structure of direct sequential method. ( ) contains state variables with the initial value 0 . ( ) are control variables. When use direct sequential method, only control variable is parametrized or discretized and becomes decision variable. Through the iteration, the value of is changed and the formulation (2) will be integrated. ( ) will be calculated from its initial value. Then the objective function (1) and constraint (3) will be evaluated. (2) ( 0 ) = 0 ( ( ), ( )) ≤ 0, = 1,2 … .
≤ ( ) ≤ (4)
Process description

Optimization problem statement
The biomass in grain pool represents the crop yield. To calculate the carbon biomass in the carbon cycle, the number of carbon pools should be defined. From Figure 2 , we can see seven carbon pools in the whole system. Analysing from the perspective of chemical engineering, each carbon pool can be regarded as a batch reactor. Below the soil, the waste of organs is further decomposed into litter, meanwhile the greenhouse gas such as CO 2 and CH 4 will be produced and emitted into atmosphere.
From the decomposition sub-model of DNDC, we can know that the residue produced by plants goes into litter pools to decompose. Based on this, three organic carbon pools exist below the soil. The main decomposition production of those three pools are CO 2 and dissolved organic carbon (DOC). The former will release in atmosphere or react with H 2 to produce CH 4 . Part of DOC joins in CH 4 production, and the other part of available DOC will be involved in denitrification or nitrification.
Although nitrogen is the important nutrition for crops and urea can be used as a fertilizer to improve the crop yield, only less than 20% of applied nitrogen is used for crop growth and production. The no-applicable part of nitrogen may make an influence on environment. Therefore, when optimising the usage of urea to increase crop yield, the greenhouse gas emissions must be considered and regarded as a constraint.
To maximize the crop yield, our objective function is to maximize the grain carbon pool in crop biomass, which can be formulated as (5):
∈ , = 1,2,3 … 365
Total greenhouse gas from each pool are upper-bounded by the maximum allowed GHGs ( ), which is the constraint. The formulation is given in (6):
Model formulations
Carbon biomass:
Some definitions should be introduced which are related to carbon biomass calculation.
Gross primary productivity (GPP) is the amount of chemical energy as biomass that primary producers create in a given length of time [11] . For crop, the chemical energy usually comes from the photosynthesis.
Net primary productivity (NPP) is the rate of energy value that can be used for plant growth and reproduction. The value of NPP is different between GPP and the plant respiration rate in different organs, which is shown in Equation (7). The accumulated net primary production is available for carbon biomass allocated to different organs.
= 1,2,3 … 365
Where : net primary production rate (kg C/ha/day) : net primary production rate (kg C/ha/day) : annual maximum total carbon biomass, (kg C/ha) : plant respiration rate (kg C/ha/day).
can be considered as the potential maximum biomass yield, which is the sum of potential maximum biomass yield of root, stem, leaf and grain.
Potential grain yield is the optimum grain yield which could be reached by a crop in given environments [12] . The relationship between and potential maximum grain yield ( ) is shown in Equation (8) [13]. The fraction of biomass is the fixed value derived from literature.
= × (8)
Where : potential maximum grain yield (kg C/ha) : potential maximum biomass yield (kg C/ha) : the grain fraction of crop biomass C, fixed value.
Potential grain yield is the optimum grain yield which could be reached by a crop in given environments [12] . The relationship between the potential maximum biomass yield ( ) and potential maximum grain yield ( ) is given in Equation (9) [13].
= (9)
Where : Potential maximum grain yield (kg C/ha) : Potential maximum biomass yield (kg C/ha) : the fraction of crop biomass C, which is a fixed value.
Crop potential maximum nitrogen uptake is the potential maximum nitrogen absorbed by organs of plant. It can be calculated by , which the : ratios in every organ are fixed value.
= (10)
Where RCN:C:N ratio, fixed value PMNU: potential maximum N uptake (kg N/ha).
The deficit of water leads to the water-limited yield potential, and nitrogen deficiencies or other limited factors determine the actual yield [14] . The actual nitrogen uptake is limited by availability of nitrogen, including mineralization and fertilization, it is also related to the concentration of 4 + and 3 + in soil. The appropriate amount of nitrogen fertilizer plays an important role in improving the N availability to increase the actual crop yield. In this study, urea (CO(NH 2 ) 2 ) was used for the nitrogen fertilizer.
The hydrolysis of urea produces NH 4 + to participate in a series of biogeochemical reactions.
In this section, to consider the usage of nitrogen fertilizer only, we assume that the actual total carbon biomass is affected by nitrogen supply, and water stress factor can be regarded as a fixed value. In DNDC model, the nitrogen uptake is the central to determine the actual crop yield [13] . Based on DNDC plant growth sub-model, the relationship between the carbon biomass and nitrogen supply can be described as
Equation (11).
Where : actual maximum biomass yield (kg C/ha) : theoretical nitrogen needed by plant in a year, (kg N/ha), which is a fixed value varied from the type of crops : actual nitrogen uptake by crops in a year, (kg N/ha). : water stress factor.
The daily gross photosynthesis is affected by the efficiency of CO 2 , water stress and nitrogen stress (soil water and nitrogen shortage leads to obvious inhibition of plant growth), etc. which is obtained using Equation (12) [15].
Where 0 : daily gross photosynthesis ( g m 2 /d) 2 : efficiency of CO 2 on photosynthesis, (1.023 for C3 plants and 1.03 for C4 plants) [16] ( , ): rate of gross photosynthesis at layer at time (kg CO 2 /ha/h) : leaf area index (m 2 leaf/m 2 land) : day length (h) 2 , 2 : coefficient, ( 0.5-0.15 1/2 , 0.5, 1-0.15 1/2 for w11, w12 and w13 . 1/3.6, 1.6/ 2.3 and 1/3.6 for w21, w22 and w23, respectively) : leaf area index above layer (m 2 leaf/m 2 land)
: leaf area index (m 2 leaf/m 2 land) : day length (h).
The calculation of plant respiration rate is separated into two types: maintenance respiration rate and growth respiration rate. The maintain respiration (given in Equation (13) 
emission:
Based on DNDC model, we can assume that the weight of soil in 0-10cm, 10-20cm, 20-30cm and 30-40cm is 1000000 kg per hectare. In 40-50cm soil this figure is 2000000 kg/ha because of gravity. Only 0-50cm soil is considered, the total weight of soil in every hectare is about 6000000kg. Based on the proportion of litter, humads or humus (default value in software), we can calculate the initial soil organic carbon. Table   1 shows the values of fraction and initial SOC derived from DNDC. Where is a fixed value varied from different soil types.
Thus, the daily decomposition rate in three carbon pools is given in Equation (14),
Equation (15) and Equation (16) : decomposition rate in passive humus pool, (kg C/ha/day) : C/N ratio reduction factor on decomposition : temperature reduction factor on decomposition : clay fraction in soil.
The conversion from ammonium to nitrate will produce nitrous oxide, the conversion rate is shown in Equation (17). 
The fermentation sub-model in DNDC provides a reference to calculate CH 4 flux.
The emission of methane is the difference between the production and the oxidation of methane, which can be presented as Equation (20) Thus, the net greenhouse gas fluxes can be formulated as Equation (23). 
Result and discussion
Collected and input data:
In this study, we cooperated with Syngenta to simulate the growth of sunflower from 2006-2010 using DNDC model, all the climate data and field operation records were collected from Syngenta.
Sunflower was planted in Aspech-le-Bas, a site in France. According the latitude (47.75N) and longitude (7.16E), the soil properties were obtained through HWSD database [21] . The soil properties are given in Table 2, and Table 3 shows the type of input climate data. Table 4 presents the parameters of sunflower (the maximum biomass yield provided by Syngenta). The record of field operations in 2009 (such as irrigation, fertilization) is given in Table 5 . In this study, we assumed that sunflower was planted on 7 th May and harvested on 7 th October every year. 
DNDC-projected yield vs empirical yield:
To test the applicability of DNDC model to the sunflower field in this area, the DNDC simulated biomass yield were compared to the actual biomass yield provided by Syngenta. As presented in Figure 2 , yellow, orange, green and red lines represent the total biomass yield, grain yield, stem/leaf yield and root yield respectively. The simulated biomass yield varies from 4000kg to 5500kg in the five years, which showed good agreement with average yield tested in 13 areas between 2009 and 2010 (dark blue dashed line in figure) . The grain yield (sunflower seed yield) is within 1200kg to 1500kg. The curves of stem yield and leaf yield are similar due to same value of carbon allocation in sunflower.
Figure 2 DNDC-simulated C biomass vs actual biomass
DNDC-simulated daily carbon fluxes:
Daily carbon fluxes derived from DNDC simulation include gross primary production (GPP), plant respiration (leaf/stem/root respiration), net ecosystem exchange of carbon (NEE) and soil heterotrophic respiration, which is given in Figure   3 , Figure 4 , Figure 5 and Figure 6 . 
DNDC-simulated daily nitrogen fluxes:
The daily NH 3 , N 2 O, NO and NO 3 − fluxes are given in the Figure 7, Figure 8 , Figure 9 and Figure 10 receptively. Figure 7 shows the relationship between the NH 3 fluxes and the maximum temperature. The NH 3 emissions and maximum temperature reach a peak simultaneously, and those two curves have the similar trend. 
gPROMS-simulated result:
In this section, the empirical formulations were modelled in gPROMS. The time period was set as 155 days (start with 127 th day and end with 282 nd day in a year based on the provided data). The field operation data was same as Syngenta input data, the climate data was collected by the year of 2006 in Aspech-le-Bas. The usage of urea is 50kg/ha. The gPROMS simulated actual total carbon biomass can be seen in Figure 11 .
The simulated crop carbon biomass yield is 4222.46kg C/ha compared to 4400kg C/ha from DNDC model. The simulated greenhouse gas emissions results can be seen in Figure 12 , to show the greenhouse gas fluxes more clearly, the results of three GHG emissions were transformed to CO2 equivalent value. The value of Net GWP is more than 3500 kg CO 2 equivalent/ha. 
gPROMS-optimized result:
Compared with 50kg N/ha urea fertilized in the crop field, using 72.42kg N/ha urea will reach the maximum crop yield, which is 4989.89 kg C/ha. The grain yield is calculated as 1496 kg C/ha based on the biomass partitioning in the sunflower. Figure   13 compares the optimization biomass yield and simulated biomass yield. It can be seen that the yield increases nearly 18% when select the better scenario. 
